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Nonadditive interactions between mutations (epistasis) can exert a strong influence on the rate and 
direction of evolutionary change (1, 2). 
Insights into mechanisms of epistasis be-
tween beneficial mutations can reveal the 
causes of constraints on adaptive protein 
evolution (3–10). Mechanisms of epista-
sis are often best revealed through detailed 
examinations of interactions between 
amino acid mutations in the same protein 
that contribute to variation in a measurable 
biochemical phenotype (7, 9–15). Such 
studies are especially relevant to our un-
derstanding of evolutionary process when 
genetically based changes in the measured 
phenotype contribute to variation in fitness 
under natural conditions. 
We investigated the nature of epi-
static interactions between adaptive muta-
tions in the hemoglobin (Hb) of deer mice 
(Peromyscus maniculatus). Deer mice that 
are native to high altitude have evolved an 
elevated Hb-O2 affinity relative to low-
land conspecifics (16–18), and this modi-
fication of protein function contributes to 
an adaptive enhancement of whole-animal 
physiological performance under hypoxia 
(19, 20). Comparisons between highland 
deer mice from the Rocky Mountains 
and lowland deer mice from the Great 
Plains revealed genetic differences in Hb-
O2 affinity that are attributable to the in-
dependent or joint effects of 12 amino 
acid polymorphisms: 8 mutations in the 
α-chain subunits of the α2β2 Hb tetramer, 
and 4 mutations in the β-chain subunits. 
These 12 amino acid polymorphisms ex-
hibit pronounced altitudinal shifts in al-
lele frequency, and population genetic 
analyses of nucleotide variation in the α- 
and β-globin genes revealed evidence for 
divergent selection between deer mouse 
populations that are native to different ele-
vations (18, 21–23). 
Structural variation in deer mouse Hb 
has a modular organization that reflects the 
linkage arrangement of the 12 amino acid 
polymorphisms. Within the α-chain sub-
unit, five amino acid replacements are lo-
cated in exon 2 of the underlying gene, and 
the remaining three replacements are lo-
cated in exon 3. Polymorphic sites within 
the same exon are in nearly complete link-
age disequilibrium (LD) with one another, 
but intragenic recombination has pro-
duced a partial uncoupling between the 
two exons (21, 23). The two most com-
mon α-globin allele classes are distin-
guished from each other by eight amino 
acid replacements at sites 50, 57, 60, 64, 
71, 113, 115, and 116 (Figure S1A). The 
four amino acid polymorphisms in the 
β-globin gene are also in nearly com-
plete LD with one another (18, 22). The 
two most common β-globin allele classes 
are distinguished from each other by four 
amino acid replacements at sites 62, 72, 
128, and 135 (Figure S1B). Thus, in deer 
mouse populations, most of the naturally 
occurring variation in Hb structure is cap-
tured by combinatorial permutations of al-
lelic variants at three loci: α-globin exon 2, 
α-globin exon 3, and β-globin. 
We used site-directed mutagenesis to 
engineer all eight combinations of the α- 
and β-chain variants in recombinant Hb 
(rHb), and we measured O2-binding prop-
erties of the purified proteins (24). In ad-
dition to the chimeric multipoint mutants, 
we also engineered 10 additional single- 
and double-mutant rHbs to measure the 
functional effects of specific point muta-
tions individually and in pairwise com-
bination. We synthesized rHbs represent-
ing the two most common variants from 
high- and low-altitude populations, des-
ignated “HH-H” and “LL-L,” respec-
tively (the first two letters denote the sep-
arate α-chain subdomains encoded by 
exons 2 and 3, and the third letter denotes 
the β-chain subunit). To test for epista-
sis, we also synthesized rHbs represent-
ing the remaining six combinations of H- 
and L-type alleles at each of the three loci 
(Figure 1A). To examine variation in the 
allosteric regulation of Hb-O2 affinity, we 
measured O2-binding properties of each 
rHb mutant in the presence and absence of 
the two principal allosteric effectors pres-
ent in mammalian red blood cells: Cl– ions 
and 2,3-diphosphoglycerate (DPG). These 
effectors reduce Hb-O2 affinity by prefer-
entially binding and stabilizing deoxyHb, 
thereby shifting the allosteric equilibrium 
in favor of the low-affinity T-state quater-
nary structure. By using standardized con-
centrations of Cl– and DPG in the physi-
ological range, we ensured that in vitro 
measurements were relevant to in vivo 
conditions (24). 
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Abstract
Epistatic interactions between mutant sites in the same protein can exert a strong influence on pathways of molecular evolution. We performed 
protein engineering experiments that revealed pervasive epistasis among segregating amino acid variants that contribute to adaptive functional 
variation in deer mouse hemoglobin (Hb). Amino acid mutations increased or decreased Hb-O2 affinity depending on the allelic state of other 
sites. Structural analysis revealed that epistasis for Hb-O2 affinity and allosteric regulatory control is attributable to indirect interactions 
between structurally remote sites. The prevalence of sign epistasis for fitness-related biochemical phenotypes has important implications for 
the evolutionary dynamics of protein polymorphism in natural populations. 
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Our experiments revealed substantial 
variation in intrinsic Hb-O2 affinity, as P50 
values (the O2 tension at 50% heme sat-
uration) for stripped, cofactor-free rHbs 
ranged from 4.55 to 7.09 torr (Table 1). 
The high-altitude HH-H variant exhibited 
a 26% lower stripped P50 (i.e., higher in-
trinsic O2 affinity) relative to the low-alti-
tude LL-L variant (Table 1). Hb-O2 affin-
ity was reduced in the presence of Cl– ions 
(added as 0.1 M KCl), in the presence of 
DPG at a twofold molar excess over tet-
rameric Hb, and in the simultaneous pres-
ence of both effectors (Table 1). All rHbs 
exhibited cooperative O2 binding, and Hill 
coefficients ranged from 1.36 to 2.28 in the 
presence of Cl– and DPG. 
Contrary to the expectations of an ad-
ditive null model, the phenotypic effects 
of allelic substitutions (L→H and H→L) 
at α-globin exon 2, α-globin exon 3, and 
β-globin were highly dependent on ge-
netic background, as pairwise epistasis ac-
counted for 40% of the variance in P50 val-
ues in the absence of allosteric effectors 
and 90% in the simultaneous presence of 
Cl– and DPG (Table 1). In the presence of 
both allosteric effectors, the HH α-globin 
allele conferred an increased affinity on 
the βL background and a decreased affin-
ity on the βH background. Similarly, the 
H-type β-globin allele conferred an in-
creased affinity on the αLL background 
and a decreased affinity on the αHH back-
ground. These are examples of sign epis-
tasis (2), where the sign of the phenotypic 
effect of an allele is conditional on genetic 
background. 
Because mammalian Hb is a heterotet-
ramer (α2β2), epistatic interactions could 
involve closely linked sites in the same 
gene or sites in unlinked genes that encode 
different subunits of the protein. Intragenic 
(within-subunit) epistasis could stem from 
localized modifications of secondary or 
tertiary structure, whereas intergenic (be-
tween-subunit) epistasis could stem from 
allosteric transitions in quaternary struc-
ture between different oxygenation states 
of the Hb tetramer. Epistasis for Hb-O2 
affinity is mainly attributable to the sup-
pressed DPG sensitivity of chimeric rHb 
variants that incorporate the products of α- 
and β-globin alleles of unlike type (αHH 
combined with βL, and vice versa; Table 1 
and Figure 1B). Although DPG sensitivity 
was suppressed in HH-L and LL-H, allo-
steric regulatory capacities of the chimeric 
rHbs were partially restored by recipro-
cally converting either of the two α-chain 
subdomains to the type that matched the 
associated β-chain subunit: DPG sensitiv-
ity of the chimeric LL-H was partially re-
stored by L→H substitutions at α-globin 
exon 2 or exon 3, and reciprocally, DPG 
sensitivity of the chimeric HH-L was par-
Figure 1. Structural and func-
tional variation among recombi-
nant deer mouse Hbs (rHbs). (A) 
rHbs representing all combinato-
rial permutations of allelic variants 
at α-globin exon 2, α-globin exon 
3, and β-globin. Shaded regions 
represent the products of low-alti-
tude L-type alleles (red), and un-
shaded regions represent prod-
ucts of high-altitude H-type alleles 
(blue). (B) Variation in the allo-
steric regulation of Hb-O2 affin-
ity by DPG. Sensitivity to DPG is 
indexed by the difference in log-
transformed P50 values between 
stripped Hb in the presence and 
absence of DPG. 
Table 1. O2 affinities (P50, torr; mean ± SEM) and allosteric properties of purified rHbs. Sensitivities to allosteric effectors are measured as 
the difference in log-transformed P50 values in the presence and absence of each effector, individually and in combination. VA and VE are es-
timated components of additive and epistatic variance, respectively (24). 
 LL-L HL-L LH-L HH-L LL-H HL-H LH-H HH-H VA VE
P50 (torr)           
stripped 5.72 ± 0.23 6.37 ± 0.05 7.09 ± 0.55 6.59 ± 0.11 5.25 ± 0.09 5.49 ± 0.04 6.32 ± 0.15 4.55 ± 0.08 0.597 0.403
+KCl 10.20 ± 0.03 12.55 ± 0.41 10.83 ± 0.78 12.88 ± 0.27 12.15 ± 0.31 11.18 ± 0.30 12.01 ± 0.20 9.70 ± 0.47 0.051 0.949
+DPG 9.72 ± 0.17 9.64 ± 0.12 10.33 ± 0.20 7.54 ± 0.25 6.93 ± 0.19 8.84 ± 0.26 11.44 ± 0.30 9.53 ± 0.27 0.189 0.811
+KCl + DPG 10.46 ± 0.30 11.21 ± 0.33 12.51 ± 0.59 8.63 ± 0.21 7.65 ± 0.22 11.36 ± 0.34 12.83 ± 0.34 10.13 ± 0.35 0.096 0.904
∆log P50          
KCl − stripped 0.251 0.295 0.184 0.291 0.364 0.309 0.279 0.329 0.671 0.329
DPG − stripped 0.230 0.180 0.163 0.058 0.121 0.206 0.258 0.321 0.726 0.274
(KCl + DPG) − stripped 0.262 0.246 0.247 0.117 0.164 0.316 0.308 0.348 0.214 0.786
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tially restored by H→L substitutions at 
these same loci (Figure 1B). In principle, 
a suppressed DPG sensitivity (and hence, 
increased Hb-O2 affinity) could be pro-
duced by charge-changing amino acid re-
placements that eliminate phosphate-bind-
ing sites in the β-chain subunits. Because 
the positively charged phosphate-binding 
sites are invariant in deer mouse β chains 
(17, 18), allelic variation in DPG sensitiv-
ity must stem from indirect, second-order 
perturbations. 
Analysis of the crystal structure of deer 
mouse Hb at 1.8 Å resolution (24, 25) re-
vealed that each of the eight rHb mutants 
is characterized by a unique constella-
tion of hydrogen bonds within and be-
tween subunits (Table 2 and Figure S2). 
Additional hydrogen bonds between sub-
units of the same αβ dimer are formed in 
the presence of β128Ser (an L-type resi-
due; Figure S2), which contributes to the 
observed epistasis between allelic α- and 
β-chain variants. Structural analysis also 
revealed that in Hbs with L-type α-globin, 
the imidazole ring of α50His forms a hy-
drogen bond with α30Glu in the same sub-
unit. The replacement of α50His with Pro 
(the H-type residue) eliminates this hydro-
gen bond and causes a subtle reorientation 
of the E helix and CD loop (Figure 2), an 
effect that propagates to the α1β2 intersub-
unit contact and shifts the allosteric equi-
librium in favor of the high-affinity oxyHb 
(R-state) quaternary structure. 
To test the effects of charge-changing 
α-chain mutations in the CD loop (α50His/
Pro) and the adjacent E helix (α64Asp/
Gly), we synthesized each of the alterna-
tive single and double mutants on both 
HH-H and LL-L backgrounds. The exper-
iments revealed that, on the LL-L back-
ground, substitutions of H-type residues 
(α50His→Pro and α64Asp→Gly) did not 
produce a significant increase in Hb-O2 af-
finity individually or in combination; how-
ever, on the HH-H background, single-step 
reversions to L-type residues at both sites 
produced significant reductions in Hb-O2 
affinity in the presence of allosteric ef-
fectors (Figure S3). We also measured 
the individual effects of all four amino 
acid mutations in the β-chain subunit. On 
the LL-L background, the substitution 
β128Ser→Ala, which removes an α1β1 
hydrogen bond (Figure S2), produced an 
increased anion sensitivity (and hence, a 
decreased Hb-O2 affinity in the presence 
of Cl– and DPG; Figure S4). However, on 
this same background, introducing all four 
H-type β-chain mutations in combination 
produced a highly significant increase in 
Hb-O2 affinity in the presence of allosteric 
effectors (Figure S4). 
In summary, results of our mutagene-
sis experiments revealed pervasive epis-
tasis among segregating amino acid vari-
ants in deer mouse Hb (Table 1). The 
individual and joint effects of α- and 
β-chain point mutations contribute to the 
elevated Hb-O2 affinity of highland deer 
mice, but the effects of these mutations 
are highly dependent on the allelic state 
of other residue positions. 
Directed mutagenesis studies have un-
veiled “cryptic” epistasis between amino 
acid substitutions that distinguish deeply 
diverged orthologous proteins (7, 11, 13, 
14). Similarly, experimental studies of mi-
crobial systems have revealed intragenic 
epistasis between sites that underwent suc-
cessive allelic substitutions but that were 
never simultaneously polymorphic (6, 10). 
By contrast, the interacting mutations in 
deer mouse Hb are segregating in natural 
populations and, given the extensive intra-
genic and intergenic LD, the epistasis con-
tributes to additive genetic variance in Hb 
function, providing an explanation for the 
previously documented variation in an-
ion sensitivity of deer mouse Hbs (17, 
18). Given the evidence for spatially vary-
ing selection on Hb polymorphism in rela-
tion to altitude, the pervasiveness of sign 
epistasis for Hb-O2 affinity suggests that 
the selection coefficient for a given allele 
will often be highly dependent on the al-
lelic composition of the local population. 
Thus, sign epistasis among segregating 
amino acid variants may exert a strong in-
fluence on allele frequency dynamics and 
mutational pathways of protein evolution. 
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Figure 2. Difference in the network of hydrogen bonds between high- and low-altitude Hb 
variants, HH-H and LL-L, respectively. The α1 and β1 subunits of HH-H (light blue) and LL-L 
(light red) are superimposed, and van der Waals radii are shown for α-chain residues that 
are in atomic contact with β-chain residues of the opposing α2β2 dimer. 
Ep i s ta s i s  am o n g ad a p t i v E  mu tat i o n s i n  dE E r mo u s E HE m o g l o b i n  1327
and Blood Institute (R01 HL087216 and 
HL087216-S1), the NSF (DEB-0614342 
and IOS-0949931), and the Faculty of Sci-
ence and Technology, Aarhus University. 
We thank S. Kachman for statistical ad-
vice, A. Bang for assistance in the lab, and 
M. Harms, S. Smith, and two reviewers for 
helpful comments. All experimental data are 
tabulated in the main text and in the supple-
mentary materials.
Supplementary Materials appear follow-
ing References and Notes.
Materials and Methods
Figs. S1 to S5
Table S1
References (26–41) 
References and Notes
1. F. J. Poelwijk, D. J. Kiviet, D. M. Wein-
reich, S. J. Tans, Nature 445, 383 
(2007).
2. D. M. Weinreich, R. A. Watson, L. Chao, 
Evolution 59, 1165 (2005).
3. J. da Silva, M. Coetzer, R. Nedellec, C. 
Pastore, D. E. Mosier, Genetics 185, 
293 (2010).
4. M. A. DePristo, D. M. Weinreich, D. L. 
Hartl, Nat. Rev. Genet. 6, 678 (2005).
5. D. J. Kvitek, G. Sherlock, PLoS Genet. 7, 
e1002056 (2011).
6. E. R. Lozovsky et al., Proc. Natl. Acad. 
Sci. U.S.A. 106, 12025 (2009).
7. M. Lunzer, S. P. Miller, R. Felsheim, A. M. 
Dean, Science 310, 499 (2005).
8. D. R. Rokyta et al., PLoS Genet. 7, 
e1002075 (2011).
9. M. L. Salverda et al., PLoS Genet. 7, 
e1001321 (2011).
10. D. M. Weinreich, N. F. Delaney, M. A. 
Depristo, D. L. Hartl, Science 312, 111 
(2006).
11. J. T. Bridgham, E. A. Ortlund, J. W. 
Thornton, Nature 461, 515 (2009).
12. B. Lehner, Trends Genet. 27, 323 
(2011).
13. M. Lunzer, G. B. Golding, A. M. Dean, 
PLoS Genet. 6, e1001162 (2010).
14. E. A. Ortlund, J. T. Bridgham, M. R. 
Redinbo, J. W. Thornton, Science 317, 
1544 (2007).
15. P. C. Phillips, Nat. Rev. Genet. 9, 855 
(2008).
16. J. F. Storz, J. Mammal. 88, 24 (2007).
17. J. F. Storz, A. M. Runck, H. Moriyama, 
R. E. Weber, A. Fago, J. Exp. Biol. 213, 
2565 (2010).
18. J. F. Storz et al., Proc. Natl. Acad. Sci. 
U.S.A. 106, 14450 (2009).
19. M. A. Chappell, J. P. Hayes, L. R. G. 
Snyder, Evolution 42, 681 (1988).
20. M. A. Chappell, L. R. G. Snyder, Proc. 
Natl. Acad. Sci. U.S.A. 81, 5484 (1984).
21. J. F. Storz, J. K. Kelly, Genetics 180, 
367 (2008).
22. J. F. Storz, C. Natarajan, Z. A. Chevi-
ron, F. G. Hoffmann, J. K. Kelly, Genet-
ics 190, 203 (2012).
23. J. F. Storz et al., PLoS Genet. 3, e45 
(2007).
24. Materials and methods are attached fol-
lowing the References.
25. N. Inoguchi et al., Acta Crystallogr. 
Sect. F Struct. Biol. Cryst. Commun. 69, 
393 (2013).
 
 
 
 
 
Supplementary Materials for 
 
Epistasis Among Adaptive Mutations in Deer Mouse Hemoglobin 
Chandrasekhar Natarajan, Noriko Inoguchi, Roy E. Weber, Angela Fago, Hideaki 
Moriyama, Jay F. Storz* 
 
*Corresponding author. E-mail: jstorz2@unl.edu 
 
Published 14 June 2013, Science 340, 1324 (2013) 
DOI: 10.1126/science.1236862 
 
This PDF file includes: 
 
Materials and Methods 
Figs. S1 to S5 
Table S1 
References (26–41) 
 
 
 
2 
 
Materials and Methods 
 
Vector construction. Nucleotide sequences of deer mouse globin genes were optimized 
with respect to E. coli codon preferences, and were then synthesized by GenScript 
(Piscataway, NJ, USA). Gene cassettes for the α- and β-globin genes and the methionine 
aminopeptidase (MAP) gene were tandemly cloned into the custom expression vector 
described by Natarajan et al. (26). In order to maximize efficiency in the post-
translational cleaving of N-terminal methionines from the α- and β-chain polypeptides, an 
additional copy of the MAP gene was cloned into the pCO-MAP plasmid with a 
kanamycin resistance gene and was co-expressed with the pGM expression plasmid. 
 
Mutagenesis. Using the HH-H and LL-L pGM plasmid vector templates, cassette 
mutagenesis was performed by switching out HH- and L-type sequences of α- and β-
globin genes, thereby yielding the chimeric HH-L and LL-H constructs. To synthesize the 
remaining constructs, the same plasmids were used as templates for site-directed 
mutagenesis using the QuikChange® II XL Site-Directed Mutagenesis kit from 
Stratagene (LaJolla, CA, USA). In each plasmid construct, engineered codon changes 
were verified by DNA sequencing. Sequences for the mutagenic primers are provided in 
Table S1 and sequences of the synthesized α- and β-globin genes are provided in Fig. S5. 
 
Expression and purification of recombinant hemoglobin. All rHbs were expressed in 
E. coli JM109 (DE3). The bacterial cells were subject to dual selection in an LB agar 
plate containing ampicillin and kanamycin. This double selection ensures that 
transformed cells receive both the pGM and pCO-MAP plasmids. Large-scale production 
was conducted in batches containing 1-1.5 L of TB medium. Cells were grown at 37ºC in 
an orbital shaker at 200 rpm until the absorbance reached 0.6-0.8 at 600 nm. Expression 
of the Hb and MAP genes was induced with 0.2 mM IPTG and the cell culture was 
supplemented with hemin (50 µg/ml) and glucose (20 g/L). The cells were then grown at 
28ºC for 16 hr in an orbital shaker at 200 rpm. The bacterial culture was saturated with 
CO for 15 min and the cells were harvested by centrifugation. Recombinant Hbs were 
purified by means of HPLC as described previously (26). To confirm that the absorbance 
maxima of the purified rHb samples matched those of native Hbs, we measured 
absorbance spectra of oxy, deoxy, and CO derivatives at 450-600 nm. 
 
O2 equilibrium experiments. O2-binding equilibria of rHb solutions (0.2 mM heme) 
were measured at 37ºC in 0.1 M Hepes buffer, pH 7.4, in the absence (stripped) and 
presence of added effectors (0.1 M KCl, and/or DPG at 2.0-fold molar excess over rHb 
tetramers). These are standard experimental conditions (27, 28) that closely approximate 
in vivo effector concentrations: 100 mM Cl- approximates the naturally occurring 
concentration inside mammalian red blood cells (where K+ is the main counter ion, as 
opposed to Na+ in the plasma) and a DPG/Hb tetramer ratio = 2.0 falls within the 
physiological range for deer mice and most other eutherian mammals (28-35). Moreover, 
standardized measurements of purified Hb are essential for assessing the potentially 
subtle effects of individual amino acid mutations and for making meaningful 
comparisons of Hb-O2 affinity across studies (27, 28, 36).  
 
 
3 
 
Measurements on purified Hb solutions in the presence and absence of Cl- and 
DPG at physiological levels provide insights into mechanisms of allosteric regulation by 
revealing whether measured differences in Hb function are attributable to differences in 
intrinsic O2-affinity and/or differences in sensitivity to anionic effectors (27, 28, 37). The 
rHb concentration used in our O2-equilibrium experiments (0.2 mM heme) is also 
standard (27, 28). 
 Measures of Hb-O2 affinity were conducted using a modified diffusion chamber 
where changes in absorbance are recorded during stepwise changes in the O2 tension of 
equilibration gases (36). Each O2-equilibrium curve was based on 4-6 saturation steps. 
Values of P50 (O2 tension at half-saturation) and the cooperativity coefficient, n50, were 
obtained from the zero-intercept and the slope of Hill plots, respectively: (log(Y/(1-Y)) vs. 
logPO2, where Y is the fractional O2 saturation. Standard errors of the measured P50 
values were calculated by using nonlinear regression to fit the O2-binding data to the Hill 
equation. Measured P50 values for the isolated rHbs were consistent with those for native 
Hbs from high- and low-altitude deer mice under identical experimental conditions (17-
18). 
 
Measuring epistasis. For the set of eight multi-point rHb mutants, we used a regression 
model to measure the additive and epistatic components of variance in P50 and Δlog-P50 
values: y = μ + β1x1 + β2x2 + β3x3 + β12x1x2 + β13x1x3 + β23x2x3 + error, where coefficients 
for x1, x2, and x3 measure the main effects of allelic variants at the three discrete globin 
modules (α-globin exon 2, α-globin exon 3, and β-globin), and coefficients for x1x2, x1x3, 
and x2x3 measure each of the three possible pairwise interaction effects.  
To measure pairwise epistasis for Hb-O2 affinity between a given pair of mutant 
sites, we measured the epistatic deviation (ε) from the expectations of an additive model: 
ε = (Pii + Pjj) - (Pij+ Pji), where Pij is the measured P50 of the rHb that incorporates the 
products of alleles i and j at each of two sites. The standard error of the measured 
epistatic deviation, a linear function of Pij, was calculated using the method of error 
propagation σε = √ σPii2 + σPjj2 + σPij2+ σPji2, and the 95% confidence interval for ε was 
computed as ε ± σε × 1.96. Epistasis between a given pair of mutant sites was considered 
to be statistically significant if the 95% confidence interval for ε did not include zero. 
 
Structural analysis. To elucidate the structural mechanisms that are responsible for the 
additive and epistatic effects of the various α- and β-chain mutations on Hb-O2 affinity, 
we used the crystal structure of the LL-L rHb (PDB ID, 4h2l) to build a structural model 
for HH-H using MODELLER 9V11 (38) and SWISS-MODEL (39). Human Hb 
structures (2dn1, 2dn2, and 2dn3) (40) were used as controls. Molecular interactions were 
identified by PISA (41), and molecular graphics were generated using PyMol 
(Schrödinger, LLC). 
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(A) α-chain variants 50 57 60 64 71 113 115 116 
 
αI Pro Gly Ala Gly Ser His Ala Glu 
αII His Gly Ala Gly Ser His Ala Glu 
αIII Pro Gly Ala Gly Ser His Ala Asp 
αIV His Gly Ala Gly Ser His Ala Asp 
αV Pro Gly Ala Gly Ser Leu Ser Asp 
αVI His Gly Ala Asp Gly Leu Ser Asp 
αVII His Ala Gly Asp Gly Leu Ser Asp 
         
(B) β-chain variants 62 72 128 135 
    
 
βI 
 
Gly 
 
Gly 
 
Ala 
 
Ala     
βII Ala Gly Ala Ala     
βIII Ala Ser Ser Ser     
         
 
Fig. S1. Amino acid combinations that define the most common α- and β-chain Hb 
variants in highland and lowland deer mice. (A) Seven allelic α-globin variants 
defined by different 8-site amino acid combinations. The αI sequence represents the most 
common α-chain variant in highland mice, and the αVII sequence represents the most 
common variant in lowland mice. (B) Three allelic β-globin variants defined by different 
4-site amino acid combinations. The βI sequence represents the most common β-chain 
variant in highland mice, and the βIII sequence represents the most common variant in 
lowland mice. Characteristic H- and L-type allelic variants are shown in blue and red, 
respectively. 
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D) LL-H (α50H-α30E)C) HH-L (α113H-α24Y, β128S-α34C) 
A) HH-H (α113H-α24Y) B) LL-L (α50H-α30E, β128S-α34C) 
Fig. S2. Presence and absence of hydrogen-bonds in the two most common high- and 
low-altitude Hb variants (HH-H and LL-L, respectively) and hybrid tetramers (HH-L 
and LL-H). The α50His-α30Glu bond (depicted in B and D) and the α113His-α24Tyr bond 
(depicted in A and C) represent points of contact between α-helices or interhelical loops 
within the same α-chain subunit. The α34Cys-β128Ser bond (depicted in B and C) represents 
an intradimer (α1β1 and α2β2) contact. For each polymorphic amino acid site, the alpha-
numerical designation for each variant residue is shown in blue or red depending on whether 
it represents a high-altitude (H-type) or low-altitude (L-type) variant, respectively.
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Fig. S3. Individual and pairwise effects of charge-changing α-chain mutations on 
alternative genetic backgrounds. In forward mutagenesis experiments using the LL-L 
background, H-type mutations were introduced individually (H50P and D64G) and in 
combination (H50P/D64G). In reverse mutagenesis experiments using the HH-H 
background, both sites were reverted to L-type residues individually (P50H and G64D) 
and in combination (P50H/G64D). (A) Variation in P50 values in the presence and 
absence of allosteric effectors (Cl- and DPG). Error bars represent 95% confidence 
intervals. (B) Variation in the sensitivity to allosteric effectors, as indexed by the log-
transformed difference in P50 values in the presence and absence of each effector 
individually and in combination (see text for details). 
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Fig. S4. Individual and combined effects of β-globin point mutations on the LL-L 
background. Comparison between ‘LL-L’ and ‘LL-H’ reveals the net effect of all four β-
chain mutations in combination. (A) Variation in P50 values in the presence and absence 
of allosteric effectors (Cl- and DPG). Error bars represent 95% confidence intervals. (B) 
Variation in the sensitivity to allosteric effectors, as indexed by the log-transformed 
difference in P50 values in the presence and absence of each effector individually and in 
combination (see text for details). 
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Fig. S5. Amino acid sequences of globin alleles that were incorporated in recombinant deer mouse Hbs. The 
sequences represent (A) the four alternative α-globin variants (HH, HL, LH, and LL) and (B) the two alternative β-globin 
variants (H and L). H- and L-type residues at variable sites are shown in blue and red, respectively. Spaces in each 
sequence alignment separate regions that are encoded by exons 1-3.
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Table S1. Sequences of PCR primers used for site-directed mutagenesis.   
 
 
 
Name  Primer sequence 
LLA62G_SEN atcatgggtaacgctaaagttaaaggtcacggtaaaaaagttatc 
LLA62G_ANTI gataacttttttaccgtgacctttaactttagcgttacccatgat 
LLS72G_SEN taaaaaagttatcgactctttcggtgaaggtctgaaacacctggac 
LLS72G_ANTI gtccaggtgtttcagaccttcaccgaaagagtcgataactttttta 
LLS128A_SEN ccccggctgctcaggctgcttaccagaaag 
LLS128A_ANTI ctttctggtaagcagcctgagcagccgggg 
LLS135A_SEN agtctgcttaccagaaagttgttgctggtgttgctac 
LLS135A_ANTI gtagcaacaccagcaacaactttctggtaagcagact 
LSD_SEN ctggctgctcacctcccgagtgatttcaccccggctg 
LSD_ ANTI cagccggggtgaaatcactcgggaggtgagcagccag 
HAE_ SEN ctggctgctcaccatccggctgagttcaccccggctg 
HAE_ ANTI cagccggggtgaactcagccggatggtgagcagccag 
HHP50H_SEN ccgcacttcgacgtttctcatggttctgctcaggttaaag 
HHP50H_ANTI ctttaacctgagcagaaccatgagaaacgtcgaagtgcgg 
HHG65D_SEN gtgctaaagttgctgatgctctggctaccgc 
HHG65D_ANTI gcggtagccagagcatcagcaactttagcac 
LLH50P_SEN cacttcgacgtttctcccggttctgctcaggtt 
LLH50P_ANTI aacctgagcagaaccgggagaaacgtcgaagtg 
LLD64G_SEN gtggtaaagttgctggcgctctggctaccgc 
LLD64G_ANTI gcggtagccagagcgccagcaactttaccac 
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